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La Crosse virus is a member of the Bunyavirus genus in the family Bunyaviridae, viruses with trisegmented RNA genomes 
of mostly negative polarity composed of large (L), medium (M), and small (S) segments. The sequences of the La Crosse/ 
original M and S RNA segments have been previously characterized. Using reverse transcriptase in conjunction with PCR 
amplification, we have obtained the nucleotide sequence of the L RNA segment, which encodes the viral polymerase in a 
single large open reading frame. Comparison of the amino acid sequence of the LAC L protein with the sequence of other 
polymerases from members of the Bunyaviridae, demonstrated the presence of several conserved motifs, some of which 
are characteristic of many polymerase proteins. A genetic tree comparing the available polymerase proteins of the Bunyaviri- 
dae provides insights into the phylogenetic relationships within this large family. Members of the genus Bunyavirus, which 
are mosquito-borne and infect mammals, have a closer relationship to the plant viruses represented by tomato spotted wilt 
virus (Tospovirus genus) than to viruses of other genera in the family Bunyaviridae. © 1995 Academic Press, Inc. 
La Crosse/original (LAC)virus, a member of the Bunya- 
virus genus of the family Bunyaviridae, is a common 
cause of pediatric encephalitis in the United States. The 
disease occurs in areas of the midwest populated by its 
vector mosquito, Aedes triseriatus. This vector is respon- 
sible for viral-persistence in nature, as LAC virus overwin- 
ters in the female mosquitoes and their eggs, and is thus 
transmitted vertically, as well as venereally (1). 
Like all of the Bunyaviridae, LAC virus contains a tri- 
segmented RNA genome; all of its segments are of nega- 
tive polarity, although ambisense coding segments are 
present in other genera in the Bunyaviridae. The three 
segments, designated by their size, are the large (L) seg- 
ment, which encodes a large or polymerase protein, the 
medium (M) segment, which encodes the viral glycopro- 
teins G1 and G2 and a nonstructural protein, and the 
small (S) segment which encodes the nucleocapsid (N) 
protein together with another nonstructural protein, The 
M and S segments of LAC have been previously se- 
quenced and characterized (2-4). 
The L segment of Bunyamwera virus, the prototype 
virus for the genus Bunyavirus, contains one large ORF 
in the viral complementary sense and encodes a protein 
(L protein) whose polymerase activity has been demon- 
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strated experimentally (5, 6). Experiments with reas- 
sortant viruses have also demonstrated that the LAC L 
segment encodes the L protein (7). 
The terminal sequences at the LAC L segment 3' and 
5' ends were previously ascertained by direct RNA se- 
quencing or cDNA cloning (8, 9). To select oligonucleo- 
tide primers for internal priming of reverse transcriptase 
(RT) reactions, the deduced amino acid sequence of 11 
small LAC L clones (10) were compared to the Bunyam- 
wera L protein. A high degree of homology between the 
two proteins allowed presumptive mapping of the LAC 
nucleotide sequences along the LAC virus L segment. 
Using this information, a strategy for coupled reverse 
transcription-polymerase chain reaction (RT-PCR) ampli- 
fication of the LAC virus L segment was developed (Fig. 
1). RNA template was purified from LAO/original virus- 
infected BHK-21 cell lysates or from sucrose-gradient- 
purified LAO virions (7). Reverse transcription using Mo- 
Ioney murine leukemia virus RT (Pharmacia, Piscataway, 
N J) and viral specific primers, or random hexamers (Per- 
kin-Elmer, Norwalk, CT), was carried out for 1 hr at 37 °. 
Viral sense primers were then paired with viral comple- 
mentary (vc)-sense primers and added to half of the RT 
reactions for PCR amplification. Primer pairs 1-2, 3-4, 
5-6, 7-8, and 9-10 (Fig. 1) amplified four fragments of 
sizes 2.2, 1.0, 0.5, 1.7, and 2.0 kb from the viral 3' end to 
the viral 5' end, respectively. VENT DNA polymerase 
(New England BioLabs, Beverly, MA) was used for the 
amplification reactions due to its 3' -* 5' exonuclease 
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RG. 1• Strategy for reverse transcription and PCR amplification (RT- 
POR). Hatched boxes correspond to LAC virus L sequence data avail- 
able before RT-PCR; large hatches, sequence from direct RNA se- 
quencing; small hatches, sequence from cDNA clones. Viral RNA is 
shown 3' to 5' to represent its negative polarity. Primers shown are 
those used for initial RT-PCR amplification of the LAC L segment• Odd 
numbers represent primers in viral complementary sense; even 
numbers represent primers in viral sense. Resulting PCR products 
are shown below along with the sizes on DNA gels and amplifying 
primer pairs• Primer 1, 5'-AGTAGTGTACTCCTATCTAOAAAACqU-ACA- 
3'; primer 2, 5'-CTGCTATATAGTCCTTAACA-3'; primer 3, 5'-CAGAAAA- 
770AGTOATATCACA-3'; primer 4, 5'-TGCTCTATAACAGGOqq-GTCT-3'; 
primer 5, 5'-CAGACAAGCCTGqq-ATAGAGCA-3'; primer 6, 5'-TCATCT- 
GGOAGTATOAA]q-OqU--3'; primer 7, TOTAAATGGAGTGCTCAGGATG- 
3'; primer 8, 5'-TTAGT]-CTAGGCTAGACAGGTC; primer 9, 5'-GACCTG- 
TOTAGCCTAGAACTAA-3'; primer 10, 5'-AGTAGTGTGCTCCTATOTAC- 
AAATTTATACAGT-3'. 
protein) is in good context for translation according to 
Kozak's rules (12) and would correspond to a translation 
product of 2264 amino acids with a predicted molecular 
mass of 263 kDa. This is in rough agreement with the 
estimated size of the viral L protein in SDS-PAGE, which 
is approximately 200 kDa (7). Comparison of the LAC 
virus L segment with that of the Bunyamwera virus L 
segment demonstrated 60% identity at the nucleotide 
level and, within the L ORFs, 57% identity and 73% simi- 
larity at the amino acid level (using the GAP application 
from the University of Wisconsin GCG package). For com- 
parison, the LAC virus M segment is 52% identical and 
the S segment 56% identical with the respective Bunyam- 
wera segments at the nucleotide level. In addition to 
the L ORF, two smaller viral sense ORFs were identified 
(positions 1078-1710; 4018-4431); neither of these has 
been associated with a translation product although the 
second one is in fairly good context for translation• The 
Bunyamwera virus L segment contains three potential 
small ORFs in the viral sense (5). The LAC small ORF 
between positions 4018 and 4431 showed 43% amino 
acid identity with the Bunyamwera small ORF at position 
3917 to 4222. 
The deduced amino acid sequence of the LAC virus 
L protein was then compared to that of other Bunyaviri- 
dae (1, 13-19). The middle portion of the proteins (LAC 
virus L positions 940 to 1275) had the highest percentage 
of amino acid conservation across the genera. Several 
proofreading activity, which gives it a 5- to 15-fold higher 
fidelity than Taq DNA polymerase (11). 
The RT-PCR products were shown to be specific for 
the LAO L segment either by Northern analysis or by 
direct sequence comparison with sequences from the 
LAC L clones. For determination of nucleotide sequence, 
the PCR products were purified with agarose gel electro- 
phoresis and GeneOlean II (ISC, Bountiful, UT), then am- 
plified with dideoxy nucleotides (Taq-cycle), and run on 
an ABI 373A DNA sequencing system (Nucleic Acid/Pro- 
tein Oore Facility, Children's Hospital of Philadelphia)• 
The LAC virus L segment has now been sequenced 
from both strands of the PCR products, requiring 28 se- 
quencing primers for the vc-sense strand and 28 se- 
quencing primers for the viral sense strand. Less than 
1% of the L segment, corresponding to regions around 
primer positions 3, 6, and 10, has been sequenced on 
one strand only. The eight nucleotides at the viral 3' end 
and the five nucleotides at the viral 5' end are based on 
primer sequences and sequences from cloned LAC virus 
L segment PCR fragments. The entire sequence is avail- 
able from GenBank using Accession No. U12396. 
The LAC virus L segment is 6980 nucleotides long and 
contains 65% AU and 35% GO. The segment encodes a 
large L ORF in the viral complementary (vcRNA) sense 
from position 62 through position 6853. This L ORF (L 
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FIG. 2. Conserved regions of the Bunyaviridae L proteins and identifi- 
cation of polymerase motifs. Conserved amino acids within the L ORFs 
of the Bunyaviridae were identified using sequence comparison appli- 
cations from the University of Wisconsin GCG package (GAP and 
PILEUP)• Some of these conserved regions are identical to the polymer- 
ase motifs identified by Poch et aL (20) in 1989 (underlined)• The CON- 
SENSUS consists of amino acids (shaded) that are conserved in at 
least five of the nine species and encompass at least two genera of 
the Bunyaviridae. The numbers correspond to the position of the first 
underlined amino acid in each motif within the LAC L protein. TSWV, 
tomato spotted wilt virus; RVFV, Rift Valley fever virus. 
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FIG. 3. Genetic comparison of the polymerase genes from four of 
the five genera of the Bunyaviridae. Clustal V was used to generate 
a multiple sequence alignment which was edited manually. Various 
applications in Phylip 3.5 were then used to generate the tree= PROT- 
DIST to calculate the distance matrix from the multiple alignment, 
FITCH (v. 3.54c) to generate the tree, RETREE to transpose or flip 
clusters and to root the tree to a median point, and DRAWGRAM to 
plot the tree. Numbers correspond to branch lengths. For comparison 
purposes the L proteins of La Crosse and Bunyamwera viruses are 
73% similar. La Crosse and Bunyamwera, Bunyavirus genus; tomato 
spotted wilt, Tospovirus genus; Puumala, Seoul, and Hantaan, Hantavi- 
rus genus; Uukuniemi, Toscana, and Rift Valley fever, Phlebovirus ge- 
nus. L segment for viruses in the Nairovirus genus have not been 
reported. 
conserved amino acid regions were found throughout 
this area, including the four polymerase motifs identified 
by Poch et al. (20) (Fig. 2). These are conserved for many 
RNA dependent RNA and DNA polymerase proteins (21). 
The SDD motif (Motif C), originally reported for the poly- 
merases in the Orthomyxoviridae and Arenaviridae, was 
found to be conserved in the Bunyaviridae as well (22, 
23). This motif has been shown to be of functional impor- 
tance in Bunyamwera virus pol~/merase (22) and in the 
Orthomyxovirus influenza A polymerase (24). 
Genetic analysis of a large and global family like the 
Bunyaviridae may provide insights into the selection 
pressures that result in the emergence of new viral dis- 
eases. Therefore, we constructed a phylogenetic tree to 
compare the L segments of the Bunyaviridae (Fig. 3). 
Surprisingly, analysis of the entire L ORFs from the Bun- 
yaviridae demonstrated that the two members of the Bun- 
yavirus genus, LAC and Bunyamwera, are more homolo- 
gous to tomato spotted wilt virus (TSVVV), a common 
pathogen of plants transmitted by thrips, than to viruses 
in the genera Hantavirus and Phlebovirus, both of which 
contain viruses that infect vertebrates, including hu- 
mans (16). 
We also compared the sequences of the N proteins 
(encoded by the S RNA segment) and of the M ORFs 
(vcRNA sense) for the viruses listed in the legend to Fig. 
3. The phylogenetic trees generated were qualitatively 
similar, clustering the Tospoviruses and Bunyaviruses 
(data not shown). (It should be noted that the Seoul 80- 
39 S segment and the Toscana M segment sequences 
were not available). 
The Tospoviruses, which can infect over 600 plants, 
have become important agricultural pests since their 
emergence as global pathogens in the last 15 years (25). 
The homology between the viral polymerases of TSWV 
and LAC (despite the size difference) reflects a genetic 
relationship that suggests that both of these viruses may 
have had a common precursor. Since these viruses infect 
insects, it is possible that gene segment reassortment, 
which can occur in mosquitoes in vivo (26), is responsible 
for the observed homology. In such a scenario, an insect 
was simultaneously infected with two strains capable 
of gene reassortment, leading to a new viral species. 
Because all three segments show similar genetic rela- 
tionships, and many Bunyaviruses, including LAC, can 
probably survive by exclusively infecting mosquitoes, it 
is also possible that a precursor virus was capable of 
infecting thrips and mosquitoes, and that TSWV and LAC 
have subsequently adapted to their different geographic 
regions and alternate hosts. 
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